We previously reported that multiparous WAP-TGFa transgenic mice develop mammary gland carcinomas with complete incidence. TGFa-induced tumors appear stochastically and with relatively long latency, indicating an additional requirement for other genetic alterations. To identify genes that cooperate with TGFa in mammary tumorigenesis, we used a retroviral insertion approach featuring a cloned and infectious hybrid MMTV (C3H/ Mtv-1; (Shackleford and Varmus, 1988) ). Tumor latency was decreased approximately 30% in MMTV-infected WAP-TGFa transgenic animals compared to noninfected transgenic controls, and 430% of the corresponding tumors displayed evidence of integrated C3H/ Mtv-1 DNA. PCR-based analyses of DNAs from two virus-infected, transgenic tumors revealed integration of hybrid MMTV in 3' untranslated exons of the Wnt-1 or Wnt-3 oncogenes. Moreover, Northern blots con®rmed dramatic induction of Wnt-1 or Wnt-3 transcripts in the respective tumors, indicating that MMTV integration resulted in activated expression of these genes. Semiquantitative RT ± PCR analyses showed that overexpression of Wnt-1 or Wnt-3 was a common occurrence in MMTV-infected WAP-TGFa tumors, and some noninfected WAP-TGFa tumors also showed evidence of elevated Wnt-3 transcripts. Collectively, these results reveal cooperative induction of mammary gland tumorigenesis by simultaneous deregulation of EGF-like (TGFa) and Wnt growth factors. Oncogene (2000) 19, 3193 ± 3199.
Introduction
Tumorigenesis is a complex process, requiring the accumulated alteration of multiple, growth-promoting or growth-controlling genes. This requirement is evident in the long latency of many human cancers, and is re¯ected in the stochastic appearance of tumors in typical transgenic mouse models. These include models based on deregulated expression of transforming growth factor alpha (TGFa) (Amundadottir et al., 1995; Matsui et al., 1990; Sandgren et al., 1990 Sandgren et al., , 1995 , an EGF receptor (EGF-R/ErbB1) activating ligand that is frequently overexpressed in human and rodent tumors and derived cell lines (reviewed in Lee et al., 1995a) . Transgenic mice expressing elevated levels of TGFa under control of global or tissue-speci®c promoters variously develop carcinomas of the liver, salivary gland and/or mammary gland (reviewed in Schroeder and Lee, 1997) . For example, use of the whey acidic protein (WAP) (Sandgren et al., 1995) or mouse mammary tumor virus (MMTV) (Matsui et al., 1990) promoters to direct TGFa transgene expression to mammary epithelium of pregnant/lacting and/or virgin females, respectively, produced mammary gland tumors with high eciency. In addition to focal tumors, mammary glands of TGFa transgenic mice also displayed marked hyperplasia as a consequence of induced alveolar proliferation and especially impaired postlactational involution. These hyperplasias are presumed to represent precursors to frank tumors.
Collectively, the hyperplastic response and the delayed, sporadic nature of tumor development indicate that while TGFa overexpression is an important stimulus to tumorigenesis, it is not sucient by itself. Presumably, additional genetic alterations are also required. Directed eorts to identify these alterations revealed that cyclin D1 mRNA was frequently upregulated in WAP-TGFa tumors, while expression of other gene products implicated in rodent or human breast cancer, including FGFs 1 ± 5, IGF-2, EGF-R, ErbB2/c-neu, c-myc, or estrogen receptor, was unaltered (Sandgren et al., 1995) . Additionally, mutations commonly found in p53 gene exons in human and rodent cancers were not observed. As an alternative approach to identifying genes that might cooperate in this model of tumorigenic progression, we used a retroviral mutagenesis strategy. This strategy, which has been used successfully to identify cooperating oncogenes (reviewed in Callahan, 1996) has the advantage that inserted provirus not only activates the expression of critical genes, but also serves as a physically linked molecular tag with which to isolate those genes. An application of this approach using the mammary tropic retrovirus, MMTV, to activate genes in mammary tumors allowed the demonstration that accelerated tumorigenesis results from cooperation between Wnt-1 and int-2 (Shackleford et al., 1993; Lee et al., 1995b) , as well as int-2 and Wnt-10b (Lee et al., 1995b) .
Here we report that infection with a hybrid MMTV virus (Shackleford and Varmus, 1988) dramatically reduced the latency of mammary tumorigenesis in parous WAP-TGFa mice. Molecular analysis showed that MMTV provirus had inserted within genes encoding the Wnt family growth factors, Wnt-1 and Wnt-3, in some tumors, leading to their overexpression. Signi®cantly, RT ± PCR analyses revealed that Wnt-1 and Wnt-3 were frequently overexpressed in a panel of hybrid virus-infected WAP-TGFa tumors. Our results provide evidence that combined activation of Wnt-and ErbB-signaling pathways can contribute importantly to tumorigenic progression in the mammary gland.
Results

MMTV accelerates TGFa-induced mammary tumorigenesis
To identify genes that collaborate with TGFa in mammary tumorigenesis, we infected WAP-TGFa female mice with MMTV, and then monitored continuously bred females for accelerated tumor development. The inbred C57B1/6 mouse strain used to derive the WAP-TGFa transgenics harbors endogenous, replication-defective MMTV isotypes (Peterson et al., 1985) , but these viruses do not induce mammary neoplasia. To infect our experimental animals, we used the replication-competent MMTV that was cloned and stably transfected into EH-2 cells by Shackleford and colleagues (Shackleford and Varmus, 1988) . This virus is a hybrid of the infectious C3H isotype and the clonable Mtv-1 isotype, and is designated C3H/Mtv-1. Once integrated into the host genome, the hybrid C3H/ Mtv-1 is distinguishable from the endogenous isotypes by virtue of published sequence information and altered restriction enzyme sites (Brandt-Carlson et al., 1993; Majors and Varmus, 1983; Peterson et al., 1985) . Importantly, previous use of C3H/Mtv-1 in a retroviral tagging strategy led to the successful identi®cation of a novel cooperating oncogene, Wnt-10b (Lee et al., 1995b) .
After the third pregnancy, C3H/Mtv-1-infected or non-infected WAP-TGFa transgenic females (or nontransgenic littermates) were palpated weekly to assess tumor formation; median tumor latency is de®ned as the time when 50% of the animals had developed palpable nodules 50.5 cm. Figure 1 shows the results of an experiment containing an average of 20 mice per experimental group. As indicated, the mean latency of tumor formation in non-infected WAP-TGFa mice was about 19 weeks, consistent with our previous studies (Sandgren et al., 1995) . In contrast, tumor latency in C3H/Mtv-infected WAP-TGFa females (WAP-TGFa/MMTV) was reduced to approximately 11 weeks, a striking 30% decrease that was statistically signi®cant (P=0.0052) as judged by the Wilcoxon-Mann-Whitney rank sum test. Average tumor latency in C3H/Mtv-infected non-transgenic mice, on the other hand, was greater than 45 weeks, and only 47% of these control animals developed tumors by 70 weeks of age. Neither non-infected nontransgenic littermates, nor non-transgenic littermates injected with the parental, non-MMTV-bearing XC cell line had developed tumors by 45 weeks, con®rming the requirement for MMTV in accelerated TGFa-induced tumorigenesis. Similar (*30%) reductions in tumor latency were observed following C3H/ Mtv infection of WAP-TGFa females in two subsequent experiments containing an average of 15 or 5 mice/group, respectively (data not shown).
Identification of viral integration
Due to overall sequence conservation among MMTV isotypes, it was impossible to generate a DNA probe that distinguished the hybrid from endogenous viral genomes. Thus, to con®rm integration and clonality of hybrid virus in C3H/Mtv-1-infected WAP-TGFa tumors, genomic DNAs were extracted and digested with restriction enzymes known to yield dierent Figure 1 MMTV infection decreases the latency of mammary tumorigenesis in WAP-TGFa mice. Twenty-three female transgenic WAP-TGFa (circles) and 25 female non-transgenic littermates (triangles) were injected with the C3H/Mtv-1-bearing cell line, EH-2, then bred continuously and monitored for mammary gland tumor formation. Similarly treated but non-infected female controls included 19 WAP-TGFa (diamonds) and nine non-transgenic (squares) mice. Symbols denote the times (weeks=weeks post ®rst pregnancy) at which tumors 40.5 cm in diameter were detected; mice were sacri®ced when tumors reached 2 ± 3 cm in diameter or animals were moribund. Tumor diagnoses were subsequently con®rmed histologically. The apparent decrease in tumor latency comparing C3H/MTv-1-infected WAP-TGFa females versus non-infected WAP-TGFa counterparts is highly signi®cant (P=0.0052) as judged by the Wilcoxon-Mann-Whitney rank sum test fragments characteristic of either endogenous or hybrid MMTV genomes. Southern blots of Bgl II-digested DNAs were probed with an internal viral env probe predicted to recognize a 2.3 kb fragment from endogenous Mtv isotypes, but a 4.1 kb fragment from the C3H/Mtv-1 hybrid virus. The intensity of the hybrid viral band is expected to be at least one-third of the three endogenous isotypes (Mtv-1, -8, and -9) if the hybrid virus is present in every cell (i.e., the tumor is clonal with respect to C3H-Mtv-1 insertion). Densitometry of the Southern blot shown in Figure 2 con®rmed that the diagnostic 4.1 kb band was present in at least this ratio in eight of 34 C3H/Mtv-1-infected WAP-TGFa tumors tested, as well as in one sample of hyperplastic gland (G). [Note that in this and subsequent ®gures, initial sample numbers refer to particular mice; numbers following the periods denote speci®c glands, while L and R refer to left and right glands, respectively.] As controls, Figure 2 shows that the 4.1-kb band was also uniquely detected in DNA from the C3H/Mtv-1-producing cell line, EH-2, but was not detected in DNA from normal day 18 pregnant mammary gland.
To further verify clonality, samples of the C3H/Mtv-1-positive tumors 1154.4L and 590.5R, together with corresponding hyperplastic mammary gland (G) from the same animals, were digested with EcoRI or BglII and probed with the env (Figure 3a ) or LTR ( Figure  3b ) probes, respectively (see diagram). Besides several DNA fragments that were common to all samples and characteristic of the endogenous Mtv isotypes, the env probe detected one additional EcoRI fragment in each tumor DNA (Figure 3 , asterisks). The additional fragment present in each tumor was unique in size, and was not present in the corresponding sample of hyperplastic glandular tissue. Re¯ecting the presence of two LTRs in the viral genome, the LTR probe detected two novel, BglII fragments in each tumor. Alternative KpnI, XhoI, SacI or XbaI restriction digests hybridized with env or LTR probes yielded similar results (data not shown).
Collectively, these results suggest that hybrid virusinfected WAP-TGFa tumors are clonal with respect to MMTV insertion, and that insertion likely occurred at a single site. They further imply that viral integration was an early and important event in accelerated mammary tumorigenesis.
Identification of hybrid virus insertion site and flanking genomic DNA
We used an inverse PCR strategy to determine the site of hybrid virus insertion in host genomic DNA (Lee et al., 1995b) . BglII-digested tumor DNAs were size fractionated, and fractions containing novel C3H/ Mtv-1 fragments that hybridized to LTR probe on a duplicate gel blot excised and extracted. The puri®ed DNAs were self-ligated into a circular form and genomic DNAs¯anking the inserted virus ampli®ed using primers corresponding to LTR sequences. To promote ampli®cation of hybrid versus endogenous virus, primers were derived from LTR regions whose sequence was most divergent between C3H/Mtv-1 and endogenous Mtv isotypes. To further increase product speci®city, a second, hemi-nested PCR reaction was also performed using the original upstream primer but a new downstream primer that was internal to the initial ampli®ed product. Products from the heminested PCR reaction were approximately 1 Kb smaller than the original templates due to the deletion of the majority of viral LTR sequence following PCR ampli®cation. They were cloned and sequenced to con®rm that were derived from the hybrid C3H/Mtv-1 virus, and to identify the¯anking mouse genomic DNA.
We were successful in using inverse PCR to amplify 5/8 tumors containing C3H/Mtv-1 DNA near clonal amounts. Despite various precautions, two of the Figure 2 A subset of rapidly appearing WAP-TGFa tumors contain integrated hybrid MMTV. Tumor DNAs were digested with BglII, Southern blotted, and hybridized with an internal env probe that distinguishes between a 4.1 Kb region of the hybrid C3H/ Mtv-1 virus and a 2.1 Kb region of the endogenous MMTV. Sample designations denote the mouse number followed by the mammary gland (number and side; L, left, R, right) in which the tumor was found. For comparison, tumors from C3H/Mtv-1-infected, non-transgenic mice are included (right panel). The migration of l-HindIII markers is shown, as is the presence of only hybrid MMTV or endogenous virus in the EH-2 cell line or day 18 pregnant gland, respectively. The schematic below shows the relative locations of BglII sites in the endogenous (B) and hybrid (b) viruses, as well as the env hybridization probe tumor samples contained ampli®ed endogenous MMTV sequence. Of the remainder, one contained hybrid virus integrated into novel genomic sequence, while two others ± 1154.4L and 590.5R ± were identi®ed as integrating into known protooncogenes. Sequence analysis of genomic DNA¯anking the viral LTR in the two corresponding clones revealed distinct sequences that upon BLAST search were shown to be identical to regions of the mouse Wnt-1 (590.5R) and Wnt-3 (1154.4L) genes. These two genes were originally described as MMTV insertion sites frequently associated with mouse mammary tumorigenesis (Nusse and Varmus, 1982; Roelink et al., 1990; van Ooyen and Nusse, 1984) . In the present case, integration of intact hybrid virus occurred in the 3' untranslated regions of the respective genes, with the viral enhancer in the same orientation as the gene. Activation of gene expression in response to insertion of MMTV into 3' untranslated regions has been previously described (reviewed by Callahan, 1996) .
Northern blot analyses of total RNAs from tumors and adjacent hyperplastic mammary gland con®rmed overexpression of the 2.4 Kb Wnt-1 or 3.5 Kb Wnt-3 transcripts in tumors 590.5R and 1154.4L, respectively, with no detectable expression in the adjacent hyperplastic mammary gland (Figure 4) . In contrast, the 1.4 kb TGFa transcripts were comparably expressed in both tumors and in the corresponding hyperplastic samples. Importantly, the Wnt-3-activated 1154.4L tumor was ®rst palpated 8 weeks prior to the earliest detection of tumors in non-infected WAP-TGFa mice, consistent with a synergistic induction of tumorigenesis resulting from combined overexpression of TGFa and Wnt genes.
Expression of Wnts in WAP-TGFa tumors
To assess whether induction of Wnt-1 or Wnt-3 genes occurred frequently in C3H/Mtv-1-infected WAP-TGFa tumors, we compared their expression in a panel of tumor samples using a semi-quantitative RT ± PCR assay (Schroeder and Lee, 1998) and primers speci®c for each gene. To ensure speci®city, Southern blots of ampli®ed products were probed with Wnt-speci®c cDNAs. For both Wnt-1 and Wnt-3, hybridizing bands of the appropriate size were detected. In all cases, ampli®cation of a-actin was used to control the quality and quantity of input RNA (lower panels).
As shown in Figure 5a , elevated expression of Wnt-1 was observed in at least seven of 13 virus-infected, TGFa-induced tumors and/or hyperplastic glands examined, including tumor 590.5R (asterisk) in which virus insertion into the Wnt-1 gene had been demonstrated. By comparison, Wnt-1 transcripts were barely detected if at all in non-infected WAP-TGFa tumors. High level expression of the Wnt-3 gene was also observed, albeit in a smaller fraction (3 of 13) of tumors or hyperplastic glands (Figure 5b ). Positive samples included tumor 1154.4L (asterisk), the sample in which direct insertion of MMTV into the Wnt-3 gene had been shown, and a hyperplastic gland sample (590.3L) that also showed evidence of elevated Wnt-1 expression. No non-infected WAP-TGFa tumors contained levels of Wnt-1 or Wnt-3 mRNAs comparable to those seen in infected tumors showing activated expression, but several contained levels of Wnt-3 transcripts that appeared moderately elevated (tumors 6214, 6219, and 6221; Figure 5b ). This raises the intriguing possibility that induced expression of Wnt-3 contributes to TGFa-induced mammary tumorigenesis even in the absence of MMTV infection.
Discussion
Here we show that MMTV infection of WAP-TGFa transgenic animals reduced the latency of mammary gland tumor formation by a striking 30%. The most likely interpretation of these results is that integration of hybrid MMTV into the host genome activated the expression of genes that are capable of cooperating with TGFa in mouse mammary tumorigenesis. Supporting this premise, molecular analyses indicated that Tumors 1154.4R and 590.5R were digested with EcoRI and hybridized with env probe (A), or alternatively digested with BglII and hybridized with LTR probe. Samples of contralateral gland (G) were similarly analysed. Asterisks mark unique, hybridizing bands corresponding to hybrid MMTV. The migration of lHindIII markers is shown. The MMTV schematic below reveals the relative locations of EcoRI and BglII sites as well as the env and LTR hybridization probes. Note that upon digestion, the LTR probe should hybridize to two novel fragments Figure 4 Wnt-1 and Wnt-3 are respectively overexpressed in tumors 590.5R and 1154.4L. Total RNA (20 mg) from each tumor or contralateral gland (G) was analysed by Northern blot using Wnt-1, Wnt-3, or TGFa cDNA probes tumors arising in C3H/Mtv-1-infected WAP-TGFa mice and containing identi®able hybrid virus were clonal with respect to viral insertion. Moreover, mammary gland tumors were identi®ed in which hybrid MMTV had inserted within the host Wnt-1 or Wnt-3 genes, leading to induced expression of these growth-promoting proteins. Finally, the Wnt-1 and Wnt-3 genes were overexpressed in a panel of C3H/ Mtv-1-infected WAP-TGFa tumors, indicating that insertional activation of these genes was a likely common mechanism of accelerated mammary gland tumorigenesis. These various results are summarized in Table 1 . The hypothesis that overexpression of both TGFa and certain Wnts leads to cooperative induction of mammary tumorigenesis in mice will be tested in future experiments by breeding TGFa and Wnt bitransgenic mice.
Although all of the TGFa transgenic mice injected with MMTV developed tumors with accelerated kinetics, only 24% of the tumor DNAs derived from these mice exhibited detectable integration of the hybrid virus. In contrast, previous reports indicated that 450% of MMTV-induced tumors harbor integrated hybrid virus using this methodology (Shackleford et al., 1993) . However, the MMTV enhancer is transcriptionally activated by the hormones of pregnancy and lactation (Held et al., 1994) , and viral replication is highest during these times. Hence, we suspect that the reduced eciency of integration in the present study is partially due to reduced hormonal induction of MMTV replication resulting from an inability of our transgenic mice to lactate (Sandgren et al., 1995) . Also, inbred C57B1/6 mouse strains are resistant to MMTV infection due to the deletion of a speci®c MHC II allele required for viral presentation and super-infection (Xu et al., 1996) . Thus, the reduced infection rate may also be due to the inclusion of this strain in our outbred experimental animals. On the other hand, while a reduced rate of infection may explain the decreased number of total tumors when compared to other systems, it does not account for the lack of detection of hybrid virus in many of the infected WAP-TGFa tumors. Similarly, four of the six tumors derived from C3H/Mtv-1-infected non-transgenic mice also displayed no hybrid MMTV band (Figure 2) . A possible explanation for these ®ndings may lie in the phenomenon of recombination, which has been observed in other attempts to infect mice harboring endogenous virus with related exogenous virus (Golovkina et al., 1994) . Thus, in our case, C3H/ Mtv-1 may have recombined with endogenous MMTV isotypes during replication, thereby rendering hybrid virus integration indistinguishable from endogenous virus by these detection methods.
While viral integration into the host genome is random, MMTV-induced mammary tumorigenesis is commonly associated with the integration-associated activation of particular gene families, notably the ®broblast growth factors (FGF), Ints and Wnts (Callahan, 1996) . In particular, the Wnts are a large family of secreted glycoproteins that regulate cell proliferation and dierentiation in a wide variety of species. The prototypic member, Wnt-1 (originally called int-1), was ®rst discovered as a site of MMTV integration in mammary gland tumors (Nusse and Varmus, 1982; van Ooyen and Nusse, 1984) , and tissue-speci®c overexpression of a Wnt-1 transgene produces focal stochastic mammary gland tumors in mice (Chooi et al., 1994) . Other Wnts are implicated in breast cancer as well. Wnts-1, -3, and -7 are highly transforming in mammary epithelial cells (Wong et al., 1994) , Wnt-10B is overexpressed in a small number of primary human breast carcinomas (Bui et al., 1996) , and Wnt-2, -3, -4 and -7B are induced in both benign and metastatic breast tissue (Huguet et al., 1994) . Figure 5 RT ± PCR analyses of Wnt-1 and Wnt-3 expression in C3H/Mtv-1-infected and non-infected WAP-TGFa tumors. Total RNA was isolated from tumors and subjected to RT ± PCR ampli®cation for 30 cycles using primers speci®c for Wnt-1 (a) or Wnt-3 (b). Southern blots of the resulting ampli®ed products were respectively probed with Wnt-1 or Wnt-3 cDNAs. Parallel samples were analysed for a-actin expression (lower panels) to compare the integrity and levels of input RNA. Asterisks denote tumors 590.5R and 1154.4L that were originally shown to contain integrated C3H/Mtv-1 DNA integrated within the respective Wnt gene Figure 2 . Note that the table includes data from additional analyses not shown in Figure 2. b Activation of Wnts was assessed by Southern blot of RT ± PCR products using Wnt-1 and Wnt-3-speci®c probes, and the resulting blots ( Figure 5 ) analysed by phosphorimager. Activated samples were designated as those displaying 44-fold increase in Wnt expression compared to adjacent non-tumorigenic tissue (not shown). Wnt and Wingless (Wg; the Drosophila counterpart) proteins serve as ligands for the Frizzled family of receptor molecules (Wang et al., 1996 (Wang et al., , 1997 . Binding activates a signal transduction cascade that promotes b-catenin/Armadillo accumulation through destabilization of a multimeric protein complex containing bcatenin, axin, the Adenomatous Polyposis Coli (APC) protein and GSK-3b. Recent ®ndings indicate that Wnt signaling antagonizes GSK-3 activity, leading to dephosphorylation of axin and the consequent release of b-catenin from the degradative machinery (Willert et al., 1999 and reviewed in Polakis, 1999) . b-catenin in turn regulates cell ± cell adherance by linking the cell junction protein E-cadherin to the actin cytoskeleton through a b-catenin/a-catenin complex (Ilyas and Tomlinson, 1997) . Additionally, b-catenin contributes a transactivation domain when complexed with the oncogenic HMG box transcription factor dTCF/LEF-1; this leads to activation of Wg/Wnt-responsive genes, as well as cell proliferation and transformation in culture (Kolligs et al., 1999) . While the Wnt-1 signal transduction pathway has been best characterized, studies with chimeric proteins indicate that Wnt-3 may function in a similar manner (Julius et al., 1999) .
Indications that TGFa and Wnt family growth factors cooperatively induce mammary tumorigenesis in transgenic mice are reminiscent of previous ®ndings which suggest that Wnt regulation of cell fate decisions during Drosophila development involves complex interactions with the EGF-R/Ras as well as Notch signaling pathways (Dierick and Bejsovec, 1999) . Although the basis for these interactions is unknown, it is interesting to note that activation of EGF-R/ ErbB1 leads to robust phosphorylation of b-catenin. This in turn dissociates E-cadherin from the cytoskeleton and promotes cellular disaggregation in culture (Hazan and Norton, 1998) . Furthermore, ErbB2/c-neu, which forms heterodimers with ligand-activated EGF-R/ErbB1, binds and phosphorylates b-catenin, thereby increasing cell invasiveness in culture and peritoneal metastasis in vivo (Shibata et al., 1996) . Since both the Wnt and ErbB signaling families can act on b-catenin, it is tempting to hypothesize that convergence of these two pathways on this cell adhesion molecule is responsible for the observed cooperative eect on tumorigenesis. Alternatively, it is likely that TGFa and Wnt receptors activate dierent sets of target genes, and hence the products of these genes could interact to cooperatively promote mammary tumorigenesis. Further studies will address these and other possible mechanisms.
Materials and methods
Materials
The EH-2 cell line, a clone of transformed XC cells carrying an infectious, dexamethasone-inducible, and hybrid (C3H/ Mtv-1) MMTV (Lee et al., 1995b) , was a generous gift from Gregory Shackleford (University of Southern California), who also provided gag, env, and Wnt-1 probes. LTR and Wnt-3 probes were generated by PCR ampli®cation of endogenous C57B1/6 Mtv and genomic sequence; identities were veri®ed using the T7 Sequenase kit (Amersham, Arlington Heights, IL, USA) and the UNC-CH Automated DNA Sequencing Facility, respectively. Dexamethasone was obtained from Sigma Inc. (St. Louis, MO, USA).
Transgenic mice
WAP-TGFa transgenic mice (C57B1/66SJL) were described previously (Sandgren et al., 1995) . Hemizygous transgenic and control, non-transgenic littermates were derived by breeding male WAP-TGFa mice with C57B1/6 females.
MMTV infection and tumor analysis
EH-2 cells were treated with 10 77 M dexamethasone for 24 h to induce MMTV production. Approximately 10 7 cells were scraped (to protect budding virus), collected by low speed centrifugation, and washed with phosphate buered saline. Cells were resuspended in physiological saline, and injected i.p. into 4-week-old female mice. Treated females were then bred continuously with male mice for the duration of the experiment in order to enhance viral replication. As WAPTGFa mice are unable to lactate, pups were removed from both transgenic and control animals upon parturition. Following the third pregnancy, mice were palpated weekly and the time of tumor formation determined by detection of 50.5 cm nodules. Tumors were harvested when they reached 2 ± 3 cm in size or when the animal appeared moribund. Statistical analysis was performed by the UNC Lineberger Comprehensive Cancer Center Biostatistics Core.
Nucleic acid analyses
Tumors were excised and snap frozen in liquid nitrogen. For preparation of DNA, portions of tumor were ground in liquid nitrogen and digested with proteinase K (Sigma Inc, St. Louis, MO, USA) overnight. DNA was subsequently extracted by phenol/chloroform treatment (Life Technologies, Gaithersburg, MD, USA). For preparation of RNA, portions of tumors were homogenized in guanidinium isothiocyanate using a Brinkman Polytron (Westbury, NY, USA) and RNA subsequently isolated by centrifugation through cesium chloride. For Southern blot analysis, DNA sample (20 mg) were digested with appropriate restriction enzymes, separated by electrophoresis through 1% agarose gels, transferred to Zeta probe nylon membrane (Biorad, Hercules, CA, USA), and hybridized with the respective probes according to the manufacturer's instructions. cDNA probes were labeled using the Random Prime kit (Life Technologies, Gaithersburg, MD, USA) and a-32 P[dCTP] (NEN, Boston, MA, USA). To reprobe Southern blots, membranes were stripped in 0.5 N NaOH twice, washed in 26SSC and rehybridized. For Northern blot analysis, RNA was denatured and separated by electrophoresis through 1% agarose/formaldehyde gels, transferred to Zeta Probe nylon membrane (Biorad, Hercules, CA, USA), and hybridized as described above. Integrity and equivalent loading of RNAs was veri®ed by methylene blue staining of large and small ribosomal RNAs on nylon membranes. Densitometry of Southern blots was performed using QuantityOne software, version 2.2, from PDI.
Inverse PCR and cloning
Inverse PCR was performed as previously described (Lee et al., 1995b) . PCR products were cloned using the TA Cloning Kit (Invitrogen, La Jolla, CA, USA). Clones were sequenced by the UNC Automated Sequencing Facility and genomic sequence adjoining hybrid MMTV LTR sequence queried to GenBank through the Basic Local Alignment Search Tool (BLAST) using the Genomet WWW site (http://www.genome.ad.jp/SIT/BLAST/html).
